Abstract. The effective waste heat recovery is one of the present-day challenges in the industry and power engineering. The energy systems dedicated for waste heat conversion into electricity are usually characterized by low efficiency and are complicated in the design. The possibility of waste heat recovery via thermoelectric materials may be an interesting alternative to the currently used technologies. In particular, due to their material characteristics, conducting polymers may be competitive when compared with the power machinery and equipment. These materials can be used in a wide range of the geometries e.g. the bulk products, thin films, pristine form or composites and the others. In this article, the authors present selected issues related to the mathematical and thermodynamic description of the heat transfer processes in the thermoelectric materials dedicated for the waste heat recovery. The link of these models with electrical properties of the material and a material solution based on a conducting polymer have also been presented in this paper.
Introduction
One of the main problems connected with the energy conversion processes taking place in the each branch of the industry (e.g. power engineering, chemical processing, metallurgy, transport, etc.) is the limited efficiency of the applied devices and machines (e.g. heat exchangers, pipelines, expanders, pumps, etc.) and inefficient organization of the energy conversion processes. Limited efficiency causes in the energy fluxes dissipation into the surroundings. In most of the cases these energy fluxes are not recovered, thus referred as the waste energy [1] . Waste energy can appear in the different forms such as heat, chemical (e.g. waste fuels), mechanical, pneumatic and the others. Many legal regulations related to the necessity of the increasing the energy generation efficiency [2] , lowering the toxic and green gas emissions [3] resulted in focusing on the waste energy recovery as the chance for increasing the energy efficiency and lowering the consumption of the primary energy carriers [4] . Thus the waste energy recovery technologies became the object of the intensive scientific investigations in many of the scientific units worldwide. As it was described in [5] waste heat has the biggest share among the other waste energy sources, thus it is very interesting for the recovery. Depending on the heat source thermal properties and temperature, the waste heat sources can be divided into the high temperature (500-1200°C), medium temperature (250-500°C) and low temperature (80-250°C). Depending on the waste heat source parameters and power, many technologies can be used for the heat recovery [1] . It is possible to use waste heat directly for covering the energy demands of the energy conversion process in which the waste heat is generated (e.g. heating the substrates in the heat exchanger) or indirectly for the energy generation for other energy consumers not directly connected with this process (e.g. electricity and heat generation). From the thermodynamic point of view the most interesting waste heat recovery process is such, in which the low quality (low exergy) energy (such as waste heat) can be converted in the high quality (high exergy) energy (such as electricity). Since early 50-ties of the XX century the intensive research works are focused on technologies dedicated for the waste heat recovery into electricity [1] . Such processes are possible in energy systems based on the thermodynamic cycles. The main available technologies are external combustion engines (e.g. Stirling and Ericsson) [1] , and steam power plants (e.g. Kalina and Organic Rankine Cycle). The detailed description of these systems, with the principle of their operation was comprehensively described in [1] and [6] . The main disadvantages of these systems is limited and relatively low efficiency (caused by irreversibility of the thermodynamic processes taking place in the cycle and limited efficiencies of the components) and high investment costs (as the consequence of the necessity of application of many expansive devices i.e. heat exchangers, pumps, working fluids, and the expanders). Thus, the application of other technologies, especially those based on the thermoelectric effect for waste heat recovery is very interesting. The thermoelectric materials are competitive when compared with the currently used technologies. Thermoelectric materials can be used for direct waste heat recovery from the heat source without the necessity of applying the expensive and low efficient heat engines. The conducting polymers are cheap and can be used in a wide range of geometries e.g. the bulk products, thin films, pristine materials, composites and the others. Thus, encouraged by the above described material properties, authors decided to prepare the experiment and analyse the process of the direct waste heat recovery via thermoelectric polymer together with the thermodynamic description of the heat exchange phenomenon in the material. In the following the description of the experiment and the mathematical models of the heat transfer in the material are presented.
Materials and methods
Basing on the literature survey [7] , [8] and on the authors own experience the polyaniline was selected as the material that can potentially be interesting for the waste heat recovery. The selection was based on the polyaniline specific properties i.e. good thermal, environmental and chemical resistance and thermoelectric activity at the temperature below 500 K. Polyaniline has low density and can be easily formed in different shapes, what is important for the application. Authors decided to modify the polymer in order to obtain the material with the best possible thermoelectric properties. Thus the polyaniline was first protonated with the hydrochloric acid to obtain PANI-HCl(S) and then additionally filled with 20% wt. of nano-silver to create PANI-HCl(S)/Ag20(M). The materials were formed by press moulding into the rods with diameter of 10 mm and length of 80 mm. After the processing rods were mounted on the experimental setup. The test-stand was composed of the electric heater (simulating the waste heat source) and voltage and temperature measuring equipment. The experiment was carried and the generated voltage was measured. The more detailed description of the experiment and the materials properties were presented in [9] .
Mathematical model of the heat transfer in the thermoelectric material and modelling results
The heat transfer model in the material was derived basing on the energy conservation equation and the Fourier's and Newton's law of the heat conduction in the material and the heat dissipation from the sample surface to the surroundings. This problem is commonly known as the heat exchange in a straight, non-insulated finite length rod. Because of the length and complexity of the derivation of the mathematical model the authors decided to present here only the final equations. For more details of the mathematical derivation of this model please refer to [10] . The temperature distribution in the material can be described by the relation 
where x is the rod length coordinate, (x) is the rod temperature excess in relation to the temperature of the surroundings across the rod length,  0 is the rod temperature excess in relation to the temperature of the surroundings in restrain point, m is the rod temperature coefficient, P L is the noninsulated surface coefficient, L is the total length of the rod. Rod temperature coefficient is given by the relation
where O is the rod perimeter, h is the surface film conductance at the side rod surfaces, A is the rod cross section area, k is the heat conductivity of the material. P L coefficient is given by the relation
where h L is the surface film conductance at the non-insulated rod end. The total heat flux transferred in the rod can be expressed by the relation
The Seebeck's voltage can be expressed by the relation
where  is the Seebeck coefficient, T 1 and T 2 is the temperature of the left and the right rod end face respectively. The temperature difference on the both of the rod end faces can also be calculated for eq. (1) as follows
Combination of the eq. (5) and eq. (6) yields to the following relation
Eq. 7 is the mathematical model of the heat transfer and voltage generation in the sample. Using this equation it is possible to model the generated voltage in rods made of different materials with different dimensions and in different operating conditions (surroundings conditions). Described above mathematical model was applied in the computer software for the same thermoelectric material and the same heat exchange conditions as in the experiment. Two materials i.e. PANI-HCl(S) and PANI-HCl(S)/Ag20(M) were investigated. The analysis was performed for the following values of the parameters: d=10 mm, L=80 mm,
-6 V/K, k=0.18 W/mK for PANI-HCl(S) and =3290·10 -6 V/K, k=0.22 W/mK for As it can be seen from the fig. 1 the decrease of the temperature in both of the tested thermoelectric materials is more rapid that in the case of cooper and steel. The minimal temperature is achieved in the sample centre. It is due to the material properties (lower thermal conductivity than in the case of metals). Such temperature distribution is advisable in the case of thermoelectric cooling as the temperature of the cooled surface should be comparable to the temperature of the surroundings. As it can be seen from the comparison of the temperature distribution in samples made of PANI-HCl(S) and PANI-HCl(S)/Ag20(M) the silver incorporation into the polymer results in more rapid temperature decrease. It is due to the increased thermal conductivity of this material. The Seebeck's voltage was also calculated from the model (eq. 7) and compared with the experimental results. For PANI-HCl(S) the measured value was U s =0.329 V while modelled U sm =0.351 V. For PANI-HCl(S)/Ag20(M) the measured voltage was U s =0.505 V while modelled U sm =0.526 V. As it can be seen the silver addition into the polymer causes in the rise of the Seebeck's voltage. Moreover there is a good matching between the experimental and the modelled results. 
Summary and conclusions
In this article the problems related to the waste heat recovery via selected thermoelectric materials were presented and analysed. The mathematical model of the heat transfer in the thermoelectric material, valid for rod samples, was developed and tested. This model can be applied for the simulations and modelling of the Seebeck's voltage changes in terms of different material properties i.e. thermal conductivity, sample dimensions and heat exchange conditions from the sample to the surroundings. Moreover it is possible to determine the heat flux transferred in the sample. The results of the experimental and modelling works showed that the thermoelectric materials can be interesting alternative when compared to the currently used waste heat recovery technologies. The further works in this topic should consider modelling of other geometries (e.g. ribs, thin surfaces, etc.) for designation of the optimal shape of the thermoelectric material for the waste heat recovery purposes.
